How a particle experiment isdesigned

How physicists go from the "basic ideas of
measuring some quantities' to the "design and
constructions of large scale experiments”.
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Theory and experiments

o Exp: Particles have masses. .....why ?

e Theo: Massis given by the interaction with the
Higgsfield

e Exp: Find the Higgs Boson

 Exp: Thereare 3 Forces. ...... why ?

e Theo: Super Symmetry unifies the Forces
 Exp: Findthe signals of Super Symmetry
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Two classes of experiments

o “Small” and beautiful : experiments designed to
measure typically “one quantity” exploring the
“very rare” or “very precise’ : they need high
Intensity beams and/or very high precision

 LARGE and exciting: experiments that explore
the high energy frontier. They are typically
multi-purpose experiments. They also need high
Intensity beams
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General Principlefor particle detection

Visible particles are measured by the various subdetectors and
Identified from their characteristic pattern .

Tracking Electromagnetic Hadron hIuon
chamber calorimeter calorimeter chamber

photons é@

-

n _Q<-

Innerrmost Lasrer... P . Chterrmost Laver
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Quest for precision

Non decupling : heavy particles contribute to
“low” energy phenomenathrough “loops’

M easuring some quantities with high precision

and comparing the result with the prediction of
theory one may falsify/validate the theory
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MEG EXPERIMENT

http://meg.web.psi.ch/

Clear 2-body decay
— Back to Back

— E.=E,=52.8MeV IJ\N W

Backgrounds Y
— Accidental overlap of
»e* from Michel decay : p—evevy

»7y from radiative decay,
et-annihilation in flight

— Radiative u* decay: u—evevyy
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MEG: Physics Motivations

u—eY : Lepton Flavor Violating process
Forbidden in the SM |

Sensitive to new phySI CS Phys.Lett.B391 (1997) 341
‘/SUSY GUT 10Fm f1(M) = 24 H.} 0, Mi=50 G,EV

v'SUSY Seesaw | _Experimental bound 1.2x10™"

Sengitivity
— downto ~1014

— Present limit
<1.2x10** (MEGA)

I ".:-E:-i-:u I I ! j
220 260 300
Me; [GeV]

100 140 180

Gigi Rolandi : Summer Student Lecture 08 July 2005



The MEG Detector

Compensation Timing Counter

Coil | @

Drift Chamber

COBRA Magnet

. i : | = . R : . . .
" P LXe Scintillation
N Detector

ol lmm

52cm

Surface put beam (DC)
~0.25x108 /sec
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MEG : design of the experiment

Liquid Xenon

COBRA Magnet Scintillation Detector

Thin Superconducting Coil
Y

Ll !
i

Stopping Target \‘ :
- : Timing Counter
Muon Beam \s. -y
A\ * T :

Drift Chamber

m

Most intense DC muon beam (10%/sec)
Gradient magnetic field e* spectrometer
Liquid Xe scintillation y-ray detector
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The MEG EXxperiment

»Approved at Paul Scherrer Institut,
Switzerland in 1999

» Start physics run from 2006

» Initial aim at 1013,

Paul Scherrer eventually down to 10-14
Jnstitut )=
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g-2 experiment
http://www.g-2.bnl.gov/index.shtml

LIFE OF A MUON:

THE g-2 EXPERIMENT Muens are fed
Muons are into a uniform,
tiny magnets doughnut-shaped
spinning on magnetic field ;
axis like tops. and travel in a circle. ~ After each circle,

muon's spin axis
changes by 12°,
yet it keeps on traveling

Target
Protons Pions, weighing Pions decay
from AGS. 1/6 proton, to muons.

are created.

One of 24 detectors

see an electron, giving After circling the ring

the muon spin direction; many times, muons

g-2 is this angle, divided spontaneously decay to

by the magnetic field the electron, (plus neutrinos,)

muon is traveling through in the direction of the muon spin.
in the ring.
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g-2: physics motivations

Muon interaction with the photons of the
magnetic field Is sensitive to new physics
through loops

: , + 2727
. W_-. :F.l . [ ] [ ] [ ]
Ly } f’T“qi TR N AT
Higher Order QED Electroweak Hadronic VP

Discrepancy between experiment and theory
Indicates new physics
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g-2: design of the experiment

__ g2
HJH - 2
O =0 — B =
%[1 B—|a —;'—]j[ﬂxﬁj]
> Choosing y = ‘.,.?L 1 =203
(py = 3.00 GeV) cancels the B« E
term
Wa
H'PL o e /1)
m,,
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0-2: results

fit N@ = Nyets ! VWV AN
x [1+Acos(a.t + ¢)] S

measure <B> with NMR 10°

0,/<B> — 0°
a,=(11,659,208+5+3) 10-10

0.5 ppm = 15 times better

2
10

o T
)
o
N
o

than earlier exp. TS
2 3000
o —
hep-ex/0501053 5, 25007
= 2000F
o 1500
€ 1000(
Gigi Rolandi : Summer Student Lecture 08 July 2005 02734 38 38 40 0 eo2 6oa 696 698

time (us) time (us)



g-2: comparison with theory

Contributions x1010

QED 11,659,471.94 0.14 » 2.7 6 — new physics ?
Had LO ) 6934 6.4 SUSsY,

Had LBL 120 35 leptoquark,

Had HO 100 0.6 i substructure,

weak 154 0.22 anomalous W coupling
Total 11,659,182.7 7.3

exp 11,659,208 6

Exp-the 253 94

() Using e*e- data + KLOE (not 1)
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g-2: the collaboration

Tge | o2

The Muon (g-2) Collaboration

Co-Spoliesmen: B. Lee Roberts (BU), Vernon Hughes
(deceazed) (Yale)

Resident Spokesman: Bill Morze (BNL)
Project Manager: Cerry Bunce (BNL)

E. Benedice. RAL Carev, W. Earle, E. Efstathiadis, MLF. Hare E.
Hazen, X. Huang, F. Krienen, A. Lam Ng, I Logashenko, 1P,

Aliller, V. Monich, J. Ouyang, I Palev Q. Peng, O, Rind BIL.
Eoberts, L.E. Sulal. A. Trofimov, G. Varner, W.A. Worstell - A
Boston University

J. Benante, &.W. Bennett, HN. Brown, . Bunce, J. Cullen,

G.T. Danby, J. Geller, H Hseuh, JW. Jackson, L. Jia, 5.

Eochis, B Larsen, ¥ ¥ Lee, M. Mapes, W. Meng, JIL. M,

YCAL Moyse, D Nilas, €. Ozben, C. Pai, C. Pearson, I. Foll, . °

E. Prizl, 5. Rankowitz, J. Sandberg, Y.K. Semertzidis, R. l l 1
Shutt, L. Snydstrup, A Seunlas, J. Stehle, A. Stillman, T.

Tallerica, ML Tanala, F. Toldo, D. Von Linfizg, . Warburton,

K. Woodle - Brookhaven National Laboratory

X Orovy - Cornell University

L] L]
D. Winn - Fairfield University F | na r es u T l n 2 004
K P. Jungmann - Kernfy:isch Versneller Instituut,

Rijlsuniversiteit Groningen

J. Gerhdinser, A. Grossmann, G. zu Putlitz, F. von Walter -
Univer:ity of Heidelbers

B. Bunler, P.T. Debevec, W. Deninger, F. Grav, D.W. Herfzog
T.D. Jones, C.J.G. Ondermater, C. Polly, 5. Sedyldy, AL

Bt wrwew =2 el e ool bl NAMS

Sossong. D Urner - University of Illinois
U. Haeberlen - MPI fiir Med. Forschung
M_A. Green - Lawrence Berleley National Laboratory

B, Bousquet P. Cushmon, L Duong, 2, Giren, J. Kindem, L
Eropkvist, B, McNabb, . Miller, C. Timmermans, T. Qian, D
Zimmerman - University of Alinnesota

A Chertovslilh, V_P. Druzhinin, G.V. Fedotovich, In.
Grigoriev, V.B. Golubev, B.I. Khazin, A. Malsimov, Tu.
Merzliakov, NAL Ey:zlulov, 5. Serednyakov, Yull. Shatunov,
E. Solodov - Budker Institute of Nuclear Physic:, Novosibirslk

E. Endo, H.Hirabavashi, 5. Kurclawa, A Yamamote - KEE

Y. Mizumachi, M. Iwazalki, M. Eawamura - Tolovo Institute of
Technology

HE. Ahn, M. Deile . H Deng, S . Dhawan, A Disco, F.JAL
Farley, X. Fei, M. Gros:e-Perdelkamp, V.W. Hughes, D.
Eawall, J. Fretz, 1. Redin, EF. Sichtermann, A. Steimnetz -
Yale Univer:ity
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Quest for Energy

__he 1 10 TeV
A=50% : W/
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L arge Scale Facilities

27 km Tunnel instrumented with high technology devices

o e
B

— == —— |

P e ) - o g
w b Tt -

'-_._ -.'.‘\.rnl,'gl- =iy 2 " . .

- - o M '_.I"I.--n

Multi Billion projects

N-decades projects
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L ar ge scale experiments

ALEPH EXPat LEP
1980 : first meetings
1982 : Experiment Approved
1989 : First Collisions
2000: Last run
>2005: Last publication
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CMSEXPat LHC
1991 : first meetings
1994 : Experiment Approved
2007 : First Collisions
2010 : Design Luminosity
>2014: Luminosity upgrade



Main Physics M otivations

LEP LHC

*Precise M easurements of «Search for the Higgs
the properties of the Z and Boson
VW bosons «Search for new particles

«Search for new particles +Top physics

B physics
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General Purpose Detectors

When it became more and more likely, early in 1980, that an electron—positron collider,
energetic enough to produce the as yet undiscovered Z boson, would be constructed at
CERN, some of us got together to initiate discussions on a possible experiment. Some of

us who collaborated in the CDHS neutrino experiment were joined by colleagues from
Orsay, Pisa, Munich (Max Planck) and Rutherford Labs.

The first question we asked ourselves was: ‘Can we think of a focused experiment,
requiring a specialized rather than general-purpose detector?’

The answer was a clear no, and in fact, no special purpose detector was ever built at
LEP. So we started to think of a general-purpose, 4 detector, such as had been
developed at the DESY Petra and the SLAC PEP colliders, but clearly more ambitious
in all aspects: tracking resolution, angular coverage, calorimetry, and particle
identification.

Jack Steinberger — Nobel Laureate and first spokesman of the Aleph Experiment
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High Q2 Reactions

High Q2 reactions involve partons Measure the properties .
(parameters) of the partonsin

uarks and leptons .
eSq eptons) the final state
\ ' *Charge
| — ) har *Direction
*Flavor
e_

*Energy
Quarks Leptons -Sp'
n

n
e Tau-neutrino
n
L]
L]
E o Muon-neutrino

]
___________________________________________________ === sscc=====

Famiglia 1 ou @ Q Electron ! ° Electron-neutrino
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Quarks and Hadronization

N ALEPH ©u Funeistes Eut
Quarks hadronize producing
JETS

The jet retains the direction
and energy of the parent
parton

Thevisiblefinal stateis
constituted by stable hadrons (cty
>> meters) n+,n—, kK+,k-, KO, p+ p- Z--> q gbar

ng decays promptly into two The challenge is to reconstruct the parton
photons parameters from the Jet parameter
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Decays

In the hadronization process

( few fermi) of heavy quarks
also heavy hadrons are
produced. They decay weakly
(few mm) and only the decay
products are detected

Z-->b bbar

Also 1 leptons decay with
cty few mm

L--> T+T—
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General Principle

Visible particles are measured by the various subdetectors and
Identified from their characteristic pattern .

Tracking Electromagnetic Hadron hIuon
charnber calorirmeter calorirmeter charmber

Innerrmost Layer... » ... Cutermost Layer

The parameters of the quarks are reconstructed from the hadronic jets.

The flavor of the quark is determined reconstructing the hadronic decays of
heavy mesons or detecting their detached decay vertex
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END OF FIRST LECTURE

Gigi Rolandi : Summer Student Lecture 08 July 2005



General Principle

Collider detectors look
all smilar since they
must perform in
seguence the same
basic measurements.

The dimension of the detector are driven by the required resolution
. The calorimeter thickness change only with the logarithm of the
energy: for thisreason the dimension of the detectors change only
dightly with the energy.
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Charged particletrajectories

—FEk : —
)’ - |

Charged particlesionize and their trgectories can be reconstructed
detecting the ionization electrons on charge sensitive detectors.

The measurement of the trgjectory in amagnetic field gives

e Direction at the origin

» Sign of the charge Q of the particle

 Pt/abs(Q), Pt= component of the momentum perpendicular to the

magnetic field
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Resolution
INcreases with
momentum

Gigi Rolandi : Summer Student Lecture 08 July 2005



Photon Detection

Massive shower in a tungsten cylinder (outlined in green) produced by
a single 10 GeV incident electron.

photons

Photons and €l ectrons interact in matter producing showers of
neutral and charged particles.

The number of secondary particlesis proportional to the energy.
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Radiation length

The physical size of the shower is described by the Radiation Length Xo
Dense material have Xo~1cm

Shower profiles

o]
[y
IN
\
|

Shower profiles for
10, 100, 200, 300... GeV

' P v L N .
i L N i
0.08 [— R AR ,
’ N : RN & rons
B Lo SRR ]
N o ceVv //// RN ]
— 1 ! // \ \, \\ .
[ Vo O\
;o N AN \

o 5 10 15 20 25 30 35

The length of the shower increas&sLC(/ith the log of the energy

The lateral size does not depend on the energy (90% in 2-3 cm)
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Energy resolution

In order to absorb high-energy photon/electron the cal orimeter must

Integrate 15-25 Xo.

The energy resolution has a statistical term that d
number of secondary charged particles, which in
to the energy

Resolution
decreases with
Energy

— 0)
AE _ B=30% ¢ oas

E @

The size of the statistical term depends on the technique used in

the calorimeter

At high momentum Energy resolution for an electron in the
calorimeter is better than momentum resolution in the tracker
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Granularity

High granularity is needed to
separate showers induced by nearby
particles.

The angular separation is limited by
the lateral size of the shower and by
the distance of the calorimeter from
the interaction point

Photons are identified as compact
showers not associated to charged
particles
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Electron identification

Electrons can be identified (wrt to charged hadrons) comparing the
momentum measured in the tracker and the energy measured in the
calorimeter.

Extra separation is obtained by exploiting the longitudinal shower profile

ALEPH |

® o A N O N b O
I

R
0

Match energy and momentum

Longitudinal shape of the shower
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Hadrons interact in the Electromagnetic calorimeter producing hadronic
showers that are not absorbed since the hadronic interaction length is much
larger than aradiation length (11 cm vs 0.5 cm in lead).

The hadronic shower is absorbed in the Hadron calorimeter: typically 1-2
meters of heavy material (iron, copper) interleaved with detecting el ements.
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Jet parameters

Careful analysis of the charged particles trgjectories and their match with clusters
measured in the calorimeters allows a good definition of the jet energy and
direction.

ALEPRPH
4 Monte Carlo

: —_— Caussian fit ++

Events per 2.5 mrad

Jet direction is reconstructed
; in ALEPH with aresolution
R of about 20 mrad

Il - L
—250 — 150 — 50 50 150 250
A (mrad)

In Aleph
Energy resolutionwas 0.6 / \/E (Gev )
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Muons have no
hadronic interaction and
very long

el ectromagnetic
Interaction length.

They cross the detector almost undisturbed and are identified by their
penetration through the calorimeters g e

With small probability hadronic
showers PUNCH THROUGH the
hadron calorimeter and fake a muon
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Detector Design one example: The Aleph TPC

When ALEPH was proposed, there was no large
TPC working to design specifications:

Recommendation by the LEPC

Fallowing the letter of intent in March 1982 {on the left is the first
transparency of Jacques' presentation o the LEPC), Aleph was
recommended by the LEPC ar its meeting on 16 Movemnber 1952

(see the DvGs letter opposite).

The LEPC required a technical report o be produced by 25 April
1983 where a number of technical and fnancial issues had © be

addressed and specified the following:

Milestones:

— TPC: a prototype of at least a 1.5 m long drift lengeh, with
magnetic feld (later knowm as TPC 90)
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Design & Construction of the ALEPH TP

.,

1982-1985 Prototypes and Detector
design

Small group ~ 15 physicists +
engineering support

1985- 1987 Detector Construction

Project managing, quality control,
mainly engineer work

1987-1989 Detector Commissioning

Larger group ~ 30 physicist +
engineering support
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General Principle

Collider detectors look
all smilar since they
must perform in
seguence the same
basic measurements.

The dimension of the detector are driven by the required resolution
. The calorimeter thickness change only with the logarithm of the
energy: for thisreason the dimension of the detectors change only
dightly with the energy.
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However .....

Though the general principles for the design of a
“general purpose detector” for LEPand LHC
arevery similar.......

..... the detector technologies exploited for the
two machines are different because of the very
relevant differences in the initial state.
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LEPVSLHC

LEP
e+ e- collisions

» 4 X 4 bunches in the machine
colliding every 25 us
*Rate of eventswith tracksin

the detector ~ 10 Hz

*Rate of interesting events (Z
peak) 1 Hz

*Typical multiplicity 20 tracks
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LHC
p p collisions

 2800%x2800 bunchesin 2
beam pipes. Collisions every
25 NS

*Rate of eventswith tracksin
the detector ~ 40 MHz

*Rate of interesting events (t-
tbar or Z->uu )10 Hz

*Rate of interesting events
(Higgs 500 GeV) 0.01 Hz

*Typical multiplicity 700 tracks



Collisonsat LHC

Proton-Proton (2835 x 2835 bunches)

* # Protons/bunch 10"
q‘ Beam energy 7 TeV (7x10" eV)

Luminosity 10 em? g
Bunch - 5
!‘g:h%zﬂ»":' Ladt, Crossing rate 40 MHz
= :‘:' . :o:
Proton
Collisions = 107 - 10°Hz
Parton

{quark, gluon) ]
i

f ; Higgs
L

/"
Particle . )
jet

A4S

Selection of 1 in 10,000,000,000,000
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LEPVSLHC

About on scale




LEPVSLHC

LEP
No radiation hard

 Trigger very simple

 Tracking with gas detector
collection time 40 us, 0.05 Xo

» Calorimeters: quite standard

e Muons: only identification
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LHC
Radiation hard

 Trigger very difficult

*Tracking with silicon detectors
collectiontime 25 ns, 1 Xo

«Calorimeters. coverage 10
units of rapidity. Response time
25 ns.

*Muons: independent
measurement of momentum in
magnetic field



The Aleph Collaboration

z =

I » About 400 physicists

I 11 years of datataking
« About 2300 Internal Notes
« About 300 papers

* About 50 Abstracts per Conference
(peak)

e About 250 Thesis

http://aleph.web.cern.ch/aleph/

Aleph collaboration in 1986
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The ATLAS Collaboration

e About 1770 Scientific Authors
» Data Taking will start 2007

e About 250 Notes

e About 200 Thesis

http://atlas.web.cern.ch
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ATLAS Organization

http://atlas.web.cern.ch/Atlas/index.html

ATLAS Organization

(March 2005)
Collaboration Board
(Chair: S. Bethke PIE"':TL:ﬂg otin
Deputy: C. Oramy) v u
|
I
CB Chair Advisory S“F;ﬂse‘ﬂf“"
Group (Deputies: F. Gianotti, 5. Stapnes)
Technical Management Technical Co-ordinator Resources Co-ordinator
Board (M. Hessi) (M. Hordberg)
Executive Board
Inner Detector . . Physics Electronics
o L T T"fR_C;::.'E'k}'Em' M;f’t':ﬁ‘“ ;t:}" Co-ordination Co-ordination
- Eln=weller, -
M. Tyndel F. Dittus) {G. Poleselio} (P. Farthouat)
i f f f {
LAr Calorimeter Muon Instrum. - Computing Additional
(H. Oberlack, (G. Mikenberg, {CTgﬂg“ﬁngﬁs Co-ordination Members
D. Fournier, F. Taylor, .L I'u'I, '“. i (0. Barberis, (H. Gordon,
1. Parsons) 5. Palestini) o LD D. Quarrie} A. Zaitsev)
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ATLAS physics organization

LY CEAN = Eurogean Laborsiory b Pastichs Payiics

Physics

Where - (directory tree) - phv: groups.himl
Who - (guestions/comments) - Giacomo

When - last modified - Friday, July 01, 2005 2:08:50 PAL
Physics groups

Combined performance groups

» B/ZAIMIMA

e Jebn ETmiss
« b-tazging

» Muom

Useful links to other groups

+ Physics Event Selection Alzorithm: (PESA]
« Computing
v Luminosity
« Baclkzround
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How to “steer” alarge collaboration

Jack Steinberger - Nobel laureate
and first spokesman of The Aleph
experiment

Gigi Rolandi : Summer Student Lecture 08 July 2005



